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Please note that technical editing may introduce minor changes to the text and/or graphics, which may alter content. The journal's standard Terms & Conditions and the Ethical guidelines still apply. In no event shall the Royal Society of Chemistry be held responsible for any errors or omissions in this Accepted Manuscript or any consequences arising from the use of any information it contains. that can probe solution-phase topologies and even in vivo active structures [5] [6] [7] [8] [9] [10] . In the early 5 1960s the first reports of combining the technique of ion mobility spectroscopy (IMS) to 6 mass spectrometry were published [11] [12] [13] . This hybrid technique known as ion mobility-mass 7 spectrometry (IM-MS) provides an extra dimension of information over mass spectrometry 8 alone, separating ions based not only on their mass-to-charge ratio but also on their size and 9
Accepted
shape, known as their rotationally averaged collision cross section (CCS). IM-MS has been 10 successfully applied to study the conformations adopted by peptides and proteins in the gas-11 phase and, hence, is gaining importance as a biophysical tool [14] [15] [16] [17] . Furthermore, the CCS 12 determined from experiment can be compared to theoretical CCS, obtained from coordinates
13
of solved structures (either from NMR or X-ray crystallography) or from molecular 14 modelling, providing confirmatory information on the conformations adopted by the gas-15 phase protein ions [18] [19] [20] [21] .
16
Recently studies which compare the results from IM-MS experiments, on the global fold of a 17 protein, to amino acid level detail obtained from electron capture dissociation (ECD) 18 experiments have been presented [22] [23] [24] . ECD is a fast non-ergodic fragmentation process in 19 which bond dissociation following activation occurs much faster than typical bond vibration 20 and hence ECD is thought not to perturb the higher order structure of proteins enabling
21
protein structural studies to be performed 25, 26 . ECD has been shown previously to has become an influential and sophisticated technique to study protein fold in the gas-phase at 1 an amino acid level [28] [29] [30] [31] .
2
Here we use the combination of DT IM-MS and ECD to investigate the two distinct folds of 
16
'lightening' bolts, for Ltn40 where fragments only map to a monomer unit with no secondary structure, the 17 extensive fragmentation is depicted by a large lightning bolt and dashed lines represent a lack of defined 18 structural elements.
19
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5
Ltn exists in equilibrium between a monomeric, conserved chemokine fold, known as Ltn10 1 and a distinctive dimeric fold, known as Ltn40 35, 36 . The interconversion between these two 2 folds involves a complete restructuring of the core residues
37
. We have studied both 3 conformations of wild type (WT) Ltn using gas-phase techniques, which exclude 4 conformational constriction due to buffers or additives and enable the intrinsic stability of 5 each structural element in both Ltn10 and Ltn40 to be assessed. Our earlier work indicated 6 that the Ltn10 fold could be transferred and retained in a solvent-free environment, with the 7 intrinsically disordered (ID) tail being associated with the structural core at the low charge 8 states of the protein and unfolding as the charge state increases
24
. We hypothesized, and this 9 was supported by ECD data, that the tail unfolding is then followed by unravelling of the α- 
15
The studies presented here utilise DT IM-MS and ECD to examine the conformational 16 equilibrium of this metamorphic protein further; through the study of specific mutants 17 designed to mimic either the Ltn10 or Ltn40 fold, whilst limiting conformational 18 interconversion. The results provide detailed insight into the unfolding of each distinct Ltn 19 conformation, in conjunction with studying the effect of specific site mutations on both folds 20 and allowing any subsequent increase or decrease in fold stability to be identified. (highlighted in yellow in Figure 2c ) suggesting this region retains its stabilising interactions even after desolvation and ionisation and is more stable than the α-helical region, in part 1 attributed to the disulfide bond which would further stabilise this region. Supplementary information Figure S3 ). The CC3 monomer presents over a range of charge
21
Results and discussion
22
WT 1-72
, with the species which accept either six or seven 14 protons being the most favourable and hence most intense. A small proportion of CC3 dimer 15 is observed but at incredibly low intensity highlighting that for this mutant formation of the 16 dimer is not as favourable as for the WT type protein, hence our analysis will focus on the 17 monomeric CC3.
18
Following DT IM-MS on the CC3 construct we find that it presents over a narrow range of
19
CCSs over the charge states observed, increasing by only 23% from smallest to largest 20 species, (Figure 3a and Supplementary information Table S2 ). The experimental values Ltn10, a dramatic increase in CCS, between two charge states or two conformations of the 6 same charge state, on the order of 40 % would be expected (Figure 1 ). The increase in CCS is 7 not as significant for the CC3 mutant suggesting that this restructuring does not occur here.
8
In fact in the CC3 mutant the helix is pinned to the core by the extra disulfide bridge and, 9 therefore, the first unfolding pathway which couples tail and helix unfolding observed for the 10 WT Ltn10 cannot occur for this mutant. Furthermore, this pinning of the α-helix to the 11 structural core and corresponding conformational tightening may also further encourage the 12 association of the tail to the structural core, limiting its unfolding from the core. observed, this is as expected due to the compact nature of these species and due to the fact 20 that the species are relatively low charged in combination with the two disulfide bonds which therefore, provide more available sites for fragmentation and subsequent dissociation.
7
Increased fragmentation is most evident along the N-termini and C-termini suggesting these 
10
For figure clarity a y-axis scale break is included for all CC3 fragmentation maps.
11
For [M CC3 +8H] 8+ low intensity fragmentation in the α-helix is also observed suggesting this is 12 the first secondary structural element to unfold from the structural core a finding which is Figure   24 3d and Supplementary Information Figure S7 and S8. It is interesting to first consider the is consistent with the observed increase of CCS for this species in the presence of m-NBA.
5
As we move to larger CCS, higher charged species, we observe more extensive fragmentation 6 in both termini as well as along the intrinsically disordered tail region, emphasising that these 
10
This observation highlights that under these conditions, for all species of CC3 studied by 11 ECD, the disordered regions are more weakly associated with the structural core of the 12 protein and hence available for fragmentation than under buffered conditions. 
8
From DT IM-MS it is clear that the monomeric change in CCS with respect to charge is 9 different for W55D than for CC3, WT Ltn and WT 1-72 under buffered conditions. We no Table   3 S4.
4
The dimeric form of the W55D Ltn mutant also appears notably different to the WT Ltn and 5 presents over an extremely wide range of CCS, (Figure 4b ). In this case, as no PDB file 9 exists for the mutant dimer, theoretical comparisons were made with the WT dimer (PDB 10 2JP1), however, this file does not contain the intrinsically disordered tail and the theoretical 11 value is therefore based on a structure which is missing 33 amino acids from each chain.
12
From comparison of the experimental and theoretical CCSs we see that D W55D populates a 13 wide range of conformations, both more compact and more extended than this theoretical 14 value. Most conformations are far more extended than the theoretical CCS, which suggests 15 that either the tail is extended out from the structural core and/or the whole structure is more Figure 4c and 4d, respectively. As expected the monomer fragmentation 10 increases as a function of charge, however, the trends observed can enable us to identify the 11 conformation present. As we move to more extended and hence higher charged species 12 extensive fragmentation is observed in the N-terminus suggesting this region is beginning to 13 unfold, as observed for both Ltn10 and Ltn40. Figure 4c with Figure 4d ). This is consistent with the observations made for the dimeric WT
23
Ltn40 fold in which we see fragmentation branching out from the β-sheet core with higher 24 intensity fragments in the first 9 amino acids after the β3 strand, and supported by NMR data suggests it is the least stable of the β-strands and is the first to unfold from the structural core terminus. The ECD fragmentation maps allow us to rank the stability of each of the β-strands 10 from least to most stable (β0< β1< β3< β2), which could help in the design of future mutants 11 aimed to mimic this fold but with increased stability and therefore decreased unfolding. 
4
Yellow arrows represent β-sheet regions and purple spirals represent α-helical regions. Orange 'lightning bolts'
5
indicate sites where ECD fragmentation is most significant, extensive fragmentation along the backbone is 6 depicted by a large lightning bolt and dashed lines represent a lack of defined structural elements.
7
Using the methodology presented here we are able to compare the three mutants of this observed for full length WT Ltn. For WT 1-72, however, we find unravelling of the α-helix 1 occurs at lower charge states than for the full length WT Ltn10, suggesting the intrinsically 2 disordered tail confers some stability or protection to the structural core and in particular the 3 α-helix. We observe that the CC3 Ltn mutant is more structurally constrained than the WT 4 Ltn, as expected for a protein with an additional disulfide bond, and exists in the Ltn10 fold.
5
The positioning of this additional disulfide bond essentially pins the α-helix to the structural 
Experimental Procedures
23
Protein expression and purification
